Ganciclovir (GCV) has been implicated in the development of testicular alterations. Exposure on gestational day (GD) 10 in rats induced permanent effects, including focal reduction or absence of germ cells (Sertoli cell-only tubules). Because the timing of exposure can be critical for testicular effects, we exposed rat dams to 300 mg/kg GCV (3 100 mg/kg subcutaneous injections) on GD10, 14 and 19, when germ cells have high rates of migration, proliferation and are mitotically quiescent, respectively. Males exposed to GCV in utero on GD10 and 14 were evaluated for androgenization markers, serum and fecal androgens, and testicular histomorphometry at adulthood. Double-labeling immunofluorescence for DAZL and Ki67 were used to assess gonocytes number and the proliferative activity of germ and somatic cells in fetal testes on GD15 and 20, ie, 24 h after GCV exposure. Adult rats exposed on GD14 showed delayed puberty onset, despite normal androgen levels. Also, there was a 50% reduction in testicular weight and about 30% of seminiferous tubules lacking germ cells. Effects on GD10 animals were less pronounced. In the fetal testis, the number of gonocytes was reduced by 50% in rats exposed on GD14, but normal in GD19 fetuses. GCV also reduced Sertoli cell proliferation immunolabeling in GD19 fetuses and Sertoli cell number in adults. In conclusion, GCV toxicity on germ cells seems to be linked to their proliferation rate and GD14 is a critical window in rats, when GCV exposure causes an acute massive loss of germ cells that persists until adulthood.
However, to reduce DNA replication, GCV needs to be converted into its triphosphate form. Viral thymidine kinases (TK), as well as endogenous TK, catalyze the first phosphorylation of GCV, which is then converted to its triphosphate form by host cell enzymes (Matthews and Boehme, 1988) . However, since viral TK is more efficient than endogenous TK, the concentration of GCV triphosphate is higher in infected cells (Freitas et al., 1985; Janoly-Dumenil et al., 2012) . Moreover, endogenous TK expression can be high enough during S phase of the cell cycle (Sherley and Kelly, 1988) causing GCV toxic effects in noninfected high-rate proliferating cells, such as myeloid and germ cells. Germ cells, however, have an intrinsic regulatory mechanism of TK expression, making them sensitive to GCV. In transgenic rats expressing the viral TK there is a strong expression of TK short transcripts in the testes (al-Shawi et al., 1991) , which, per se, leads to loss of germ cells and male infertility (Cai et al., 2009 (Cai et al., , 2012 Mirzaee et al., 2010; Salomon et al., 1995) .
GCV is implicated in the development of embryo malformations and testicular alterations in vivo and in vitro (Faqi et al., 1997; Klug et al., 1991; Nihi et al., 2014; Qiu et al., 2016) . Exposure of adult male rats to 300 mg/kg of GCV causes a reduction in testicular weight and sperm number, leading to infertility up to 8 weeks after treatment. Then, seminiferous epithelium begins a gradual recovery, attaining normal sperm production 24 weeks after treatment. GCV seems to impair early stages of spermatogenesis, but not spermatogonia stem cells in adult rats (Faqi et al., 1997) . Recently, we showed that exposure to 300 mg/kg of GCV on gestational day (GD) 10 caused alterations on testicular histology of fetus at GD20 and at adulthood (Nihi et al., 2014) . The main changes found were reduced testicular weight and occurrence of Sertoli cell-only tubules (SCOTs). In contrast to the temporary impairment of spermatogenesis caused in adult rats, GCV exposure during pregnancy induced permanent effects, including reduction or complete absence of germ cells in some tubules. These effects were induced following exposure on GD10, a critical time window for germ cell migration and early proliferation in the developing rat testis.
During testicular development in rodents, primordial germ cells (PGCs) can be identified around GD7-8 at embryo epiblast, outside genital ridge where gonad develops (Culty, 2009) . They migrate to the genital ridge until GD14 , where they are enclosed by Sertoli cells and become the gonocytes, during the first steps of tubular organization (Culty, 2013; Olaso and Habert, 2000) . Inside the testicular cords, gonocytes have high proliferative and apoptotic rates until GD18, when they enter a quiescent state (Boulogne et al., 1999; Culty, 2009; Zogbi et al., 2012) . We hypothesize that exposure to GCV during testicular development can affect the tubular organization in different ways depending on the timing of exposure. Although the results by Nihi et al. (2014) suggested that GCV can interfere with the colonization of germ cells in the developing testis, there is no available data on GCV effects following in utero exposure at different time windows. Therefore, we designed a series of experiments to compare the effects of GCV exposure in various moments of gonadal development. We exposed rat dams to GCV on GD10, 14, and 19, when germ cells have higher rates of migration, proliferation and are mitotically quiescent, respectively, to investigate if there could be different consequences on the tubular organization, including cell migration and proliferation. We evaluated testicular function in adult males exposed to GCV on GD10 and 14 by extensive morphometric analysis of the testicular parenchyma, testosterone measurement in serum and feces, and androgen-dependent parameters. Also, to examine whether GCV induces arrest of proliferative activity of gonocytes and testicular somatic cells we evaluated fetal gonads from dams exposed on GD14 and 19 by using doublelabeling immunofluorescence.
MATERIALS AND METHODS
Animals. Adult Wistar rats were obtained from the animal facility of the Federal University of Paran a. Animals were maintained under controlled temperature (21 C 6 1 C) and luminosity (12/12-h light/dark cycle) and received standard pelleted food (Nuvilab, Colombo, Brazil) and tap water ad libitum. All experimental procedures were approved by the Committee on Animal Research and Ethics of the Federal University of Paran a (consent number 793) which follows national and international animal welfare guidelines. Three female rats were mated with 1 male during the last 3 h of the dark of the daily light cycle. Female with sperm on vaginal smear was considered on GD0.
GCV exposure. We used a pharmaceutical preparation of GCV (Novafarma, An apolis, Brazil), intended for intravenous application in humans, diluted to 100 mg/ml with distilled water. Rat dams were randomly distributed into the groups and injected (SC) 3 times (8:00 AM; 1:00 PM and 6:00 PM) with GCV (100 mg/kg) or saline 0.9% (v: w, in distilled water; 1 ml/kg) on GD10, 14, or 19. The first 2 experiments were performed by using the same protocol. In experiment 1, dams exposed to GCV on GD10 (n ¼ 8) or 14 (n ¼ 7) were euthanized 1 h after the last GCV exposure, and blood was collected to quantify GCV in maternal plasma. In experiment 2, dams (n ¼ 13-9 per group) exposed to GCV or saline 0.9% on GD10 or 14 were allowed to deliver, and males exposed to GCV in utero were observed until postnatal day (PND) 90. Based on the results of the second experiment, we designed a third experiment to assess only the acute effects of in utero exposure to GCV on germ cells. For experiment 3, dams (n ¼ 3 per group) exposed to GCV or saline 0.9% on GD14 or 19 were euthanized on GD15 or 20, respectively, for evaluation of gonocyte density and proliferation in the testis of male offspring. We chose GD14 and GD19 to compare a high proliferation (GD14) with a quiescent (GD19) period for germ cells. For this experiment, we did not include GD10 exposure due to technical limitations to assess 11-day-old fetal testis. Experiment 1. Dams plasma GCV concentration by high-performance liquid chromatography. One hour after the last exposure to GCV (ie, at 7:00 PM), on GD10 and 14, dams were anesthetized with xylazine (Rompun 2%, Bayer, São Paulo, Brazil; 1.5 mg/kg, i.p.) and ketamine hydrochloride (Vetaset, Fort Dodge, São Paulo, Brazil; 75 mg/kg, i.p.). We collected blood from the caudal cava vein, and the recovered plasma was maintained at À20 C until analysis of GCV concentration by HPLC, as described previously in Nihi et al. (2014) .
Experiment 2. Evaluation of males exposed to GCV in utero until adulthood. In experiment 2, dams exposed to GCV or saline 0.9% on GD10 and 14 were allowed to deliver. At weaning, female descendants and dams were euthanized by decapitation, and males exposed to GCV in utero were observed until PND90. Body weight was registered every 5 days, and the day of preputial separation was recorded. The anogenital distance (AGD) was measured with a digital caliper (Carrera Precision, Guangdong, China) at PND5, 35 and 90. To normalize for differences in body size, AGD was divided by the cube root of body weight (Gallavan et al., 1999) and reported as the anogenital index (AGI).
For assessment of fecal concentrations of androgen metabolites, we collected fecal samples from the cage, once a week from the weaning to PND90. At PND90, 2-3 males from the same litter were submitted to intracardiac perfusion, while the remaining rats were euthanized by decapitation. As described by Tenorio et al. (2011) , rats were heparinized (sodium heparine, Blausiegel, Cotia, SP, Brazil; 150 IU/100 g body weight, ip) and, after 15 min, anesthetized with xylazine (1.5 mg/kg, i.p.) and ketamine chloride (75 mg/kg, i.p.). For intracardiac perfusion, we used a peristaltic pump (Model EL500, Insight, Ribeirão Preto, SP, Brazil) at 30 rpm velocity. First, animals were perfused with saline 0.9% plus heparin 0.1% (v:v) and then, with 4% glutaraldehyde (Vetec, Duque de Caxias, RJ, Brazil; v:v, PBS, pH 7.2). Testicles were collected and fixed in 4% glutaraldehyde (v:v, PBS, pH 7.2), perpendicularly cut into 1-mm thick slices and embedded in glycol methacrylate (Leica Historesin Embedding Kit, Leica Biosystems, Nussloch GmbH, Germany). Histological sections (4-mm thick) were stained with hematoxylin-eosin (Sigma-Aldrich, St Louis, MO, USA) and analyzed morphological and morphometrically. From males euthanized by decapitation, we collected blood for assessment of serum testosterone (T) concentrations. Liver, kidney, adrenal, spleen, testicle, epididymis, seminal vesicle without its content, ventral prostate without capsule, penis, levator ani/bulbocavernosus muscle and bulbouretral glands weights were recorded. The relative weight of each organ was calculated as the proportion of organ weight related to body weight. Parenchyma morphometry. For morphometrical evaluations, we recorded images of the testicular parenchyma using a light microscope (Olympus BX-51 TF, Tokyo, Japan) coupled to a camera (Olympus DP72, Tokyo, Japan) and connected to a computational software (CellˆF Olympus Europe, version 5.2, Olympus Soft Imaging Solution, Hamburg, Germany). Pictures were analyzed with Image J software (1.46r version, public domain).
Seminiferous tubules diameter, epithelium height, and luminal diameter of fifteen normal tubular sections per animal (30-45 tubular sections per litter) were measured (Tenorio et al., 2011) . Due to the low occurrence of abnormal tubules, we measured only the tubular diameter of 5 tubules per animal. The diameter of normal and abnormal tubules was used to calculate the weighted average (WA) of tubular diameter, considering the percentage of normal and abnormal tubules in animals exposed to GCV.
For volumetric analysis of the testicular parenchyma, we used photomicrographs (400Â magnification) of fifteen random fields, including areas with abnormal tubules. For volumetric density (%) we used Image J to project a grade containing 441 points over each picture and counted the number of projecting points over each testicular component (seminiferous tubules, Leydig cells and connective tissue). We calculate the volume of each component (ml) by multiplying its volumetric density (%) per testicular net mass (mg), which, in turn, was obtained by subtracting 6.5%, relative to tunica albuginea (Russell and de França, 1995) , from the total testicular mass. Then, we used the WA of tubular diameter and the total volume of seminiferous tubule to estimate the total length of seminiferous tubules, in meters, as reported by Monteiro et al. (2012) .
Cell counts and numbers. Spermatogonia, preleptotene and pachytene spermatocytes, round spermatids, and Sertoli cells were counted in seminiferous tubules in stage VII of the cycle (5 per animal; 10-15 per litter). We also measured 10 nuclear diameters for each cell type (1000Â magnification) or 10 nucleolar diameters, for Sertoli cells. The number of each cell type was corrected by nuclear or nucleolar diameters and by the thickness of the histological section, according to Abercrombie's formula (Abercrombie, 1946) , modified by Amann and Almquist (1962) . Sertoli cell index (SCI) was calculated as the ratio between the corrected number of Sertoli cells and round spermatids in seminiferous tubules in stage VII (Russell, 1990) . In animals exposed to GCV, we also recorded the number of Sertoli cells in abnormal tubules. For these animals, we used the percentage of abnormal tubules to calculate the WA of Sertoli cells number before calculating the total population of Sertoli cells per testicle (Abercrombie, 1946; da Silva et al., 2006) .
Leydig cell morphometry. The individual volume of the Leydig cells was estimated from the nuclear volume and the proportion between nucleus and cytoplasm, as described previously in Monteiro et al. (2012) . For this purpose, we analyzed pictures of the interstitial space of testicular parenchyma (1000Â magnification) and calculated the average of 30 Leydig cell nuclear diameters per animal.
Serum testosterone and fecal androgen metabolites concentration. Serum testosterone and fecal androgen metabolites (FAM) were measured by enzyme immunoassay (EIA). Fecal samples were collected once a week from animals' cage, 24 h after changing the substrate, representing a pooled sample of 3-5 male rats of the same litter. Steroids were extracted as described by Brown et al. (2004) . Serum T was measured only in rats euthanized by decapitation. Serum T and FAM concentrations were quantified via EIA (Munro et al., 1991) using polyclonal antiT (R156/7) and specific horseradish peroxidase conjugate, obtained from Dr Coralie Munro (University of California, Davis, California). The assay was previously validated in our laboratory (Fernandes et al., 2015) . Limits of detection were 46 pg/ml and intra-and interassay coefficients of variation were <10%. The results are expressed as ng/g of feces or ng/ml of serum.
Experiment 3. Numerical density of gonocytes and proliferation marker immunolabeling. Dams were exposed to GCV or saline 0.9% on GD14 or 19, anesthetized and submitted to uterus excision approximately 24 h later, on GD15 or 20, respectively. After uterus removal, dams were euthanized by heart perforation. Fetuses were immediately recovered from the uterus, euthanized by decapitation and, after visual sex identification, the entire GD15 fetus or the testicles of the GD20 fetus were fixed in Carnoy's fixative, at 4 C, for at least 3 days, until processed for paraffin embedding. Gonocytes number and proliferation was evaluated in testicles submitted to DAZL/Ki67 double-labeling. Immunolabeling was performed as described in Zogbi et al. (2012) with adaptations. Testicular 5 mm-thick sections were dewaxed in xylene, hydrated and submitted to heat antigen retrieval using citrate buffer (pH 6.0) for 10 min. After cooling, the slides were treated with 5% BSA (Sigma-Aldrich, St Louis, MO, USA) for 45 min and incubated with the primary antibodies antiDAZl (MCA2336, 1:50, Biorad, Oxford, UK) and antiKi67 (ab6791, 1:150, Abcam, Cambridge, MA, USA) overnight, at 4 C. The slides were washed in TBS (25 mM, pH 7.4) 3 times and incubated with FITC (ab6791, 1:100, Abcam, Cambridge, MA, USA) and Alexa (A10036, 1:100, Invitrogen, Carlsbad, CA, USA) secondary antibodies for 1 h. Then, slides were washed in TBS and incubated with DAPI (Sigma-Aldrich, St Louis, MO, USA) for 15 min. Slides were photographed (400Â magnification) using a microscope (Nikon Eclipse Ci-S, Tokyo, Japan) coupled to a camera (Nikon DSQi1Mc, Tokyo, Japan) and connected to an image analyzer software (Nis Elements Advanced Research Nikon, version 4.0, Japan). Gonocyte density was calculated as the ratio between the number of gonocytes, labeled for DAZL, and the area analyzed . Ki67 immunolabeling in gonocytes and somatic testicular cells was evaluated and described.
Statistical analysis. Data were evaluated for normality previous to ANOVA. Comparisons between groups were assessed with Tukey posttest or Student t test, whenever necessary. The data from the 2 control groups in experiment 2 (male rats exposed in utero to saline 0.9% on GD10 or 14) was compared and, as we found no difference between them, the data were combined into a single control group for all the other analysis. Differences were considered statistically significant when p .05 and the litter was used as the statistical unit (Festing, 2006) .
RESULTS
Dams Plasma GCV Concentration GCV plasma concentration did not differ between dams exposed on GD10 or 14. The mean concentration was 41.9 6 3.9 mg/ml for 8 dams exposed on GD10 and 37.3 6 2.6 mg/ml for 7 dams exposed on GD14.
Reproductive Outcomes of Dams Exposed to GCV To evaluate any possible effect of GCV on reproductive outcomes, we recorded dams body weight gain during gestation, number of implantation sites, litter size and survival rate of newborns. No significant difference was found between controls and GCV treated dams (data not show).
Development of Adult Males Exposed to GCV In Utero
Body weight gain of males exposed to GCV in utero was not affected (Supplementary Material). However, it did affect some markers of androgenization. The AGI was lower at PND5 in both groups exposed to GCV compared with control. At PND90, however, only the GCV10 group had lower AGI than control (Figure 1) . The preputial separation, an indicator of puberty in rats, was examined daily in all males since PND35. Rats exposed to GCV on GD14 reached preputial separation later than animals from control or GCV10 groups, with 48% of the rats having the preputial separation between PND51 and 53, in average at age 52 6 0.5 days. In the control and GCV10 groups, the mean age for onset of puberty was approximately 48 days (Figure 2) .
The absolute and relative weights of testis and epididymis were lower in groups exposed to GCV. The reduction in testis size was more intense in animals of the GCV14 group compared with GCV10. The weight of other reproductive organs such as prostate and seminal vesicles had no treatment effect (Table 1) .
Effects of GCV Over Testicular Histology
A total of 76 males from 30 different litters were evaluated for testicular histomorphometry. From the 43 animals exposed to GCV, only 5 (from the GCV10 group) had all tubular sections with normal aspects. In GCV14 group, all animals had abnormal seminiferous tubules, besides more severe histological alterations. Abnormal tubules were found dispersed on the testicular parenchyma or in small clusters in focal areas and were mainly SCOT, although a small percentage had Is (Figure 3) . The percentage of abnormal seminiferous tubules in the GCV14 (31.9% 6 6.3%) group was higher than in the GCV10 (12.7% 6 5.4%). However, despite the high incidence of abnormalities, tubular sections with normal structure and qualitatively normal spermatogenesis were the majority in all groups (Figure 4) . GCV exposure affected also the tubular diameter. In the GCV14 group, the tubular diameter of normal seminiferous tubules was higher than in controls, as a result of a higher lumen diameter found in the GCV14 group, since the epithelium height did not change (Table 2) . Animals from the GCV10 group also had a higher tubular lumen then controls, but the effect on tubular diameter was not significant (Table 2) . On the other hand, abnormal seminiferous tubules had a diameter approximately 40% lower than the normal ones. Due to a higher percentage of abnormal tubules in the GCV14 group, the WA tubule diameter was reduced in the GCV14 group when compared with control, but not in the GCV10 group (Table 2) . GCV exposure also reduced markedly the volume of most testicular components (ie, seminiferous tubules and connective tissue), except for [48] [49] [50] [51] [52] [53] , in rats exposed to vehicle (control; n ¼ 13) or 300 mg/kg of GCV on GD10 (GCV10; n ¼ 9) or 14 (GCV14; n ¼ 11). GCV14 group had a delay on preputial separation in comparison to control and GCV10 groups.
Leydig cells volume. Animals from the GCV14 group were more affected than GCV10 group ( Table 2 ). The assessment of spermatogenesis by the number of cells counted in seminiferous tubules in stage VII revealed that despite the presence of abnormal tubules, spermatogenesis was occurring without germ cell loss in animals exposed to GCV. However, the number of preleptotene spermatocytes and the SCI was higher in animals from the GCV14 group, compared with control (Table 3) . Also, SCOT had the corrected number of Sertoli cells greater than the normal tubules in stage VII. Nonetheless, the total population of Sertoli cells was reduced in animals exposed to GCV (Table 3) .
Because there were some indications that GCV exposure could have altered Leydig cell function, as a delay for preputial separation and lower AGI, we evaluated Leydig cell morphometry. We only found a smaller Leydig cell individual volume in the GCV10 group compared with controls (Table 4 ). The absolute number of Leydig cells did not differ between groups (Table 4) , although Leydig cells were agglomerated between SCOT.
Fecal Metabolite and Serum Testosterone Concentrations
There was no significant difference in serum T or FAM concentrations throughout the period analyzed. The mean serum T concentration was 2.32 6 0.46, 2.18 6 0.47, and 2.46 6 0.51 ng/ml for control (n ¼ 10), GCV10 (n ¼ 3), and GCV14 (n ¼ 9), respectively. It is noteworthy that the sample size represents the number of litters analyed. However, we evaluated 29, 12, and 20 individuals, in each group, respectively. The concentration of FAM was analyzed by the area under the curve as well as by mean daily values either within and between groups. No effect of GCV was found (Supplementary Material).
Numerical Density of Gonocytes and Descriptive Analyses of Proliferation Marker Immunolabeling
Immunolabeling of DAZL protein is a red fluorescence at the cytoplasm of gonocytes, with higher intensity around the nucleus (Figs. 5 and 6 ). This labeling was utilized to identify and count the gonocytes to then calculate its numerical density (gonocytes number/mm 2 ). Gonocytes numerical density was reduced by approximately 50% in GCV14, compared with control group, but we found no difference between GCV19 and control ( Figure 7 ). Ki67 immunolabeling can be identified as green fluorescence in the nucleus of gonocytes and testicular somatic cells. Ki67 was detected in those gonocytes as well as somatic cells that remained in the testis after exposure to GCV on GD14 ( Figure 5 ). In GCV19 group and its control, C19, all gonocytes were negative for Ki67 labeling. Also, Ki67 expression was observed in testicular somatic cells located at the periphery of seminiferous cords in control animals but was absent in animals exposed to GCV on GD19. Considering their location, these somatic cells are probably Ki67-negative Sertoli cells (Figure 6 ).
DISCUSSION
In our previous study, we investigated early and late GCV reproductive effects in rat testis following maternal exposure on GD10, which corresponds to the onset of gonadal differentiation in the rat. In utero exposure to 300 mg/kg of GCV induced germ cell deficiency in both fetal and adult testes. Adult rats exhibited SCOT intermingled with normal seminiferous tubules, resembling focal Sertoli cell-only syndrome (SCOS) in humans. Together, these data suggest a possible disruption induced by GCV on germ cell migration and/or early proliferation.
Based on these findings, we designed this study to investigate GCV temporal effects on rat testicular development. First, we evaluated late effects of in utero exposure to GCV in periods of gestation when germ cells are migrating/proliferating (GD10) and when germ cells that have reached genital ridge are intensely proliferating (GD14). Then, we followed the reproductive development of male offspring. With this approach, we identified GD14 as a critical window for GCV effects on testes.
Animals exposed on GD14 showed a delay in puberty onset and their testicular weight in adulthood was 50% lower than in control. Abnormal tubule morphology was found in almost all testes analyzed, with an average of about 30% lacking germ cells. Since germ cell proliferation is less intense at GD10, it is possible that GCV effects were less pronounced. The mean reduction in testicular weight for animals exposed on GD10 was 30%, and the occurrence of SCOT was <12%, with 5 out of 23 animals showing no tubular abnormalities. Further, to evaluate GCV acute effects, we exposed animals to GCV on GD14 and 19 and assessed the number of gonocytes in fetal testes approximately 24 h after the first injection, ie, on GD15 and20. As observed in adult testes, we found 50% reduction in gonocytes number in testes exposed on GD14, but no change in GD19 testes. At GD19 in rats, gonocytes are mitotically quiescent (Boulogne et al., 1999; Zogbi et al., 2012) . The fact that male rats exposed to GCV at this age did not have a reduction in gonocytes number suggests that GCV toxicity over germ cells are closely linked to cell proliferation rates.
Percentage of seminiferous tubules affected by GCV varied widely between animals of the same litter, yet GCV plasma concentration did not differ between dams. The mechanisms involved in this toxic effect of GCV are unknown. Genetic differences, such as the level of expression of multidrug resistance protein (Adachi et al., 2002) , could determine cellular response to GCV. Besides, germ cell population in each stage of testis development is not homogenous. Differences in mitotic Table 1 . Absolute (g) and Relative (g%) Reproductive Organs Weight of Adult Male Rats After Exposure to 300 mg/kg of GCV on GD10 or 14 n litter number. Figure 3 . Testicular histology of rats exposed to vehicle (control; A, C, E, and G) or 300 mg/kg of GCV (B, D, F, and H) on GD10 or 14. Controls presented all seminiferous tubules with normal aspect. Animals exposed to GCV presented Sertoli cell-only tubules (*), seminiferous tubules with IS among normal seminiferous tubules. These alterations were observed in both GCV groups. Seminiferous tubules in stage VII (7) of the seminiferous epithelial cycle were present in controls (E and G) and in animals exposed to GCV (F and H). Arrows head indicate Sertoli cell nuclei with evident nucleoli.
index, migratory behavior, morphology, expression of different markers, as well as timing when germ cells arrive at genital ridges have been described Merchant, 1975; Orwig et al., 2002; Zogbi et al., 2012) . Sensitivity to GCV effects could be dependent on the developmental stage of each germ cell. Variance in the number of abnormal tubules in adult males exposed on GD10 or GD14 could also be a result of the total number of germ cells affected, combined with time left to recover germ cell population. The number of germ cells in testis differ from a dozen to thousands, when comparing GD10 and 14, and proliferation ceases around GD18. Therefore, animals exposed on GD10 would have more time to recover germ cell numbers after GCV exposure and lower number of SCOT. Cytotoxic effect of GCV at GD14, mainly on gonocytes, is related to the antiviral mechanism of action dependence on the first conversion step catalyzed by viral TK in infected cells (Matthews and Boehme, 1988) . This conditional toxicity to TK has been used to selectively kill undesirable cells in gene therapy (Buursma et al., 2004; Caruso et al., 1993) , and for ablation of specific cell types in transgenic mice (Dzierzak et al., 1993; Heyman et al., 1989; Minasi et al., 1993) . However, transgenic males are also infertile (Cai et al., 2009 (Cai et al., , 2012 Iwakura et al., 1988) due to the high expression of TK short transcripts in testes (alShawi et al., 1991) . In adult transgenic rats, germ cells have been fully lost and only Sertoli cells remained. Together with the evidence of infertility in patients infected with herpes (Monavari et al., 2013) , expression of viral TK in germ cells, per se, leads to cell death by apoptosis (Cai et al., 2009 (Cai et al., , 2012 Mirzaee et al., 2010; Salomon et al., 1995) . Percentage of normal seminiferous tubules of male rats exposed to vehicle (control; n ¼ 13) or 300 mg/kg of GCV on GD10 (GCV10; n ¼ 9) or 14 (GCV14; n ¼ 8). *p < .05 significantly different from control and GCV10 groups (ANOVA/Tukey). 
Seminiferous epithelium height (mm) 96.6 6 1.5 96.8 6 1.3 94.5 6 2.0 Tubular lumen diameter (mm) 122.7 6 2.7 134.7 6 3.1* 138.1 6 3.8* Normal tubules diameter (mm) 317.8 6 3.0 327.2 6 2.9 331.7 6 3.9 
Spermatogonia 1.4 6 0.1 1.5 6 0.2 1.3 6 0.2 Spermatocyte preleptotene 28.8 6 0.6 29.2 6 0.7 31.7 6 0.8* Spermatocyte pachytene 28.4 6 0.4 27.9 6 0.8 29.2 6 0.9 Round spermatid 76.7 6 1.5 80.4 6 1.9 82.1 6 1.9 Sertoli cell (normal tubules) 9.9 6 0.3 9.6 6 0.4 9.1 6 0.4 Sertoli cell (SCOT) 15.2 6 1.1** 16.8 6 0.8** SCI a 7.9 6 0.2 8.6 6 0.5 9.5 6 0.7* Sertoli cell population/testis (Â10 6   ) 41.8 6 1.8 33.3 6 1.6* 32.3 6 2.6* Data are mean 6 SE. ) 26.9 6 2.1 24.1 6 0.9 27.6 6 2.4
Data are mean 6 SE.
*p < .05 significantly different from control (ANOVA/Tukey). n litter number. Figure 5 . DAZL/Ki67 immunolabeling of testicular parenchyma of male rats exposed to vehicle (a to d) or 300 mg/kg of GCV (e to h) on GD14. Ki67 labeling is observed in gonocytes (arrows) and in Sertoli cells (arrowheads) in control (C) and GCV14 animals. The intrinsic regulatory mechanism of TK expression in germ cells could explain why exposure to GCV in normal rats had a strong toxic effect on germ cells. Apparently, during proliferation, TK expression is higher in these cells, leading to the formation of intracellular GCV triphosphates in higher levels. Although other cell types, free from viral TK, can also activate GCV (Janoly-Dumenil et al., 2012; Freitas et al., 1985; Haynes et al., 1996; Smee et al., 1985) , germ cells are particularly sensitive to its effects. During embryo development, particularly on critical windows of testicular development, as GD14 in rats, GCV induces germ cell death, causing reduction of its number and development of SCOT at adulthood. In this study, we did not evaluate in detail GCV effects on other proliferating and differentiating tissues. However, the gross structure and weight of organs (liver, spleen, kidneys, and adrenal) were not affected by GCV (Supplementary Material), suggesting the absence of GCV toxic effects.
Prenatal GCV effects over adult testis were not limited to the occurrence of abnormal seminiferous tubules, but also affected morphometric variables and cell counts of tubules with normal spermatogenesis. GCV exposure on GD10 and 14 caused an increase in tubular lumen and diameter, accompanied by a reduction in total tubular length. GCV exposure disrupted normal testicular architecture due to the presence of SCOT. Also, there was a decrease in Sertoli cells number per testis, in both groups, increasing SCI in animals exposed on GD14. In rats, Sertoli cells have already differentiated by GD14, surrounding PGC (called gonocytes after that) to form seminiferous cords (Angelopoulou et al., 2008; Orth, 1982; Sharpe et al., 2003) . Late fetal and early postnatal periods are marked by intense Sertoli cell proliferation, which ceases at puberty (Orth, 1982; Sharpe et al., 2003) . In the fetal experiment, we found that GCV exposure on GD19, but not on GD14, reduced Ki67 immunolabeling of somatic cells located around gonocytes in seminiferous cords. Although we did not use a specific marker, these cells are likely Sertoli cells, considering their location. Taking together, the reduction in Sertoli cells number in the adults and, possibly, a decrease in Sertoli cells proliferation in the fetal testis, we suggest that the significant decrease in testis size in both groups is a consequence of GCV toxicity mainly on germ cells, but also on testicular somatic cells. However, as we did not follow the male offspring exposed in utero to GCV on GD19 until adulthood, it remains to be verified the impact of a possible reduction in Sertoli cell proliferating rate induced by GCV on testicular function.
Due to the intense relationship between germ and Sertoli cells, GCV disruption of Sertoli cell proliferation or function would imply in alteration on seminiferous tubules structure, survival of germ cells and spermatogenesis rate. Although the proliferation rate of immature rat Sertoli cells exposed to GCV in vitro was not affected (Qiu et al., 2016) , there was a reduction in connexin 43 expression, a gap junction protein located between adjacent Sertoli cells and between them and germ cells. Its reduced expression could impair spermatogenesis in adult animals (Gerber et al., 2016) .
GCV effects on Leydig cells were minimal. We found no change in Leydig cell number, yet there was a reduction in cell volume in animals exposed on GD10, and they appeared agglomerated in regions around SCOT. Agglomeration of Leydig cells between SCOT is frequent in men with SCOS and in Klinefelter syndrome mice model, as a result of Leydig cell hyperplasia induced by high levels of serum LH, despite normal T levels (Holm et al., 2003; Werler et al., 2014) . T production was not affected in GCV exposed rats, and fecal androgen profile was normal, showing a peak around PND51 and 58 (Supplementary Material), as reported previously in Lee et al. (1975) . However, the delay of preputial separation in animals exposed to GCV on GD14 and a slightly lower AGD in all exposed animals could represent a reduction in tissue androgenization (Kita et al., 2016; Swan et al., 2015) . It remains to be tested wether GCV could alter fetal Leydg cells T production.
In conclusion, this study demonstrates that exposure to GCV on GD14 in rats causes a reduction of 50% in germ cell number, which can be observed as early as 24 h after exposure and persists until adulthood. This massive loss of germ cells leads to a reduction of the same magnitude on testis mass and loss of seminiferous epithelium in 30% of the tubules, which contained only Sertoli cells. This GCV effect is time-dependent since its effects were lower on animals exposed on GD10 and absent on GD19.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online. 
